I. INTRODUCTION
Widths of the rapidity distributions of particles are considered to be a measure of their final-state rescattering and are found to follow a mass ordering [1, 2] . In addition to the final-state rescattering, the rapidity width is also sensitive to a number of other parameters such as longitudinal dynamics, the velocity of sound, etc. [3, 4] . Recently, in Ref. [5] , it has been shown that the width of the rapidity distribution of a particle, in addition to its mass dependence, also depends on the nature of its quark content. In that report, from a study on ultrarelativistic quantum molecular dynamics (UrQMD) generated Au+Au data at 10, 20, 30, and 40A GeV and its comparison with NA49 experimental results, it has been shown that the width of the rapidity distribution of a particle like Λ (uds), containing leading quarks, exhibits an additional dependence on net baryon density distribution, whereas particles not containing leading quarks, such asΛ (ūds), do not exhibit any such dependence on net baryon density distribution. In rapidity space, the Λ distribution is shown to reflect the pattern of net baryon density distribution, whereasΛ does not. Since the net baryon density distribution depends on the transparency of collision, evolution of rapidity width of identified particles with energies from the lowest Super Proton Synchrotron (SPS) energy to the highest Relativistic Heavy Ion Collider (RHIC) and Large Hadron collider (LHC) energies is expected to provide some important information about the role of net baryon density distribution on rapidity width at different energy densities and temperatures and as such on the particle production mechanism itself. In this paper, an attempt has therefore been made * nur.hussain@cern.ch † Corresponding author; buddhadeb.bhattacharjee@cern.ch to trace this signature of net baryon density distribution on rapidity width over the entire SPS energies such as 20, 30, 40, 80, and 158A GeV with UrQMD-3.4-generated and available experimental data and to extend the study with Monte Carlo (MC) data to RHIC and LHC energies. The ultimate motivation of the present investigation is to check if this dependence of rapidity width on net baryon density distribution is a general characteristic of the rapidity distribution of the produced particles of heavy ion collisions.
II. RESULTS
The ultrarelativistic quantum molecular dynamics (UrQMD) event generator is a many-body microscopic Monte Carlo model for generating events of pp, p − A and A − A collisions at relativistic and ultrarelativistic energies. The recent versions of UrQMD models include pythia to incorporate hard perturbative QCD effects [6, 7] . The UrQMD model is based on mesonic and baryonic degrees of freedom associated with constituent quarks, diquarks, and covariant propagation of color strings [8] . It also includes the excitation and fragmentation of color strings, formation and decay of hadronic resonances, and rescattering of particles. UrQMD could be applied successfully via fragmentation of strings and hard scattering to explore heavy ion reactions from AGS to SPS energies (E lab = 20A to 158A GeV) and the full RHIC energies ( √ s NN = 19.6 to 200 GeV) [9, 10] . In
Ref. [8] , from a comparison on UrQMD calculations with experimental results of p+p, Pb + Pb, and Au + Au collisions from 17.3 GeV at the SPS to 1.8 TeV at Fermilab, it has been shown that UrQMD has a valid basis for further extrapolation in energy to make predictions at LHC energies. Therefore, to start with, events were generated using the latest version, UrQMD-3.4, for Pb-Pb collisions at all the beam energies of SPS at E lab = 20, 30, 40, 80, [1, [11] [12] [13] [14] . The blue open circular symbols represent the experimental results of NA49, whereas the blue solid, black dotted, and red dashed curves denote the results of UrQMD-3.4, UrQMD-3.4 (Hydro), and AMPT (string melting) data respectively. The magenta solid and dotted curves represent the rapidity distributions of Λ + Σ 0 using UrQMD-3.4 and UrQMD-3.4 (Hydro) data.
and 158A GeV. The event statistics of generated data for minimum biased events is shown in the Table I. Rapidity distributions of π − , K − , φ, and Λ with generated data of central Pb-Pb collisions at all the SPS energies from E lab = 20A to 158A GeV are shown in Fig. 1 and compared with the NA49 results [1, [11] [12] [13] [14] . While the rapidity distribution of π − meson of UrQMDgenerated events are found to be in good agreement with experimental results of all the studied energies, the model-generated rapidity distributions of K − are found to agree well with experimental results only up to 80A GeV. The model somewhat underestimates the experimental values around midrapidity at the highest SPS energy, i.e., 158A GeV. Since the experimental Λ has a contribution from the decay of Σ 0 , UrQMD-generated Λ + Σ 0 is compared with the experimental rapidity distribution of Λ. At all the SPS energies, the MC values of Λ + Σ 0 are found to be less than the experimental Λ values. However, the disagreement decreases with the increase of energy. In the case of the φ meson, UrQMD underestimates the experimental values significantly at all energies and the disagreement is more at higher energies.
The experimental rapidity spectra of various identified particles have also been compared with the prediction of other event generators such as AMPT (string melting) at all the SPS energies and UrQMD (Hydro) at 158A GeV (as the disagreement in the rapidity spectra of φ is maximum at this energy for UrQMD-generated and experimental data). It is readily evident from Fig. 1 that the disagreement with the experimental values is even more for data generated by both these models and hence they have not been considered for further analysis.
Rapidity distributions of UrQMD-generated and experimental π − , K − , φ, and Λ at all SPS energies are pa- rameterized by the following double Gaussian function [12, 5] :
where the symbols have their usual significance. Widths of the rapidity distributions of all the studied hadrons, both generated and experimental, are listed in Table II and plotted as a function of their rest mass in Fig. 2 . It could be readily seen from Fig. 2 that, as reported in Ref. [5] for AGS and low SPS energies, a jump in the widths of Λ does exist even at higher SPS energies (E lab ≥ 80A GeV) for both generated and experimental data.
Because of the obvious reason of limited detector acceptance, no report on rapidity distribution of identified particles at RHIC and LHC energies could be found in the literature and hence the possible existence of the bumps in the experimental data of rapidity width of Λ at these energies could not be ascertained. In the following, an attempt is made with MC data to examine if this behavior persists at RHIC and LHC energies too. It may be mentioned here that there are results of PHOBOS and ALICE experiments on pseudorapidity distributions of all charged particles at various RHIC and LHC energies.
Both these experimental results on pseudorapidity distributions of unidentified charged particles excluded all contributions from the weak decays. To check how far the UrQMD-3.4 model is successful in describing the phase space evolution of particles produced in such heavy ion collisions at RHIC and LHC energies, two additional sets of central collision events have been generated for all the studied RHIC and LHC energies using UrQMD-3. Even though the default mode is found to overestimate the experimental values of pseudorapidity distribution significantly over the entire pseudorapidity range, the pseudorapidity spectra of generated events, excluding weak decays, are found to be in good agreement with the experimental results of both RHIC and LHC energies. The agreement between the UrQMD-3.4-modelgenerated data and experimental data is found to be much better than the earlier works of Refs. [8] and [16] . The right panel of Fig. 4 shows the pseudorapidity spectra of all charged particles at 5.02 TeV for Pb-Pb collisions with model-generated data to date; no published result at this energy is available with experimental data Using MC data with weak decay switched off, rapidity spectra of various identified particles are drawn for various RHIC and LHC energies and the widths of the rapidity distribution of each of the studied hadron are estimated as the r.m.s. values of the fitting function (1); the values are tabulated in the Table III. The UrQMD-3.4 model predicted rapidity widths as functions of masses of the studied mesons and baryons in Au-Au and Pb-Pb collisions at RHIC and LHC energies are shown in Fig. 5 . As seen at AGS and SPS energies, a clear jump in the width of the rapidity distribution of Λ could be seen at all the RHIC and LHC energies. Such observation confirms that the enhanced width of rapidity distribution of Λ is a characteristic feature of heavy ion collision data from AGS [5] and SPS to RHIC and highest available LHC energies. For Ξ − (dss) containing only one leading quark, the rapidity width is seen to be more or less equal to the rapidity width of φ (Fig. 6) , compensating for the broadening due to net baryon density effect by the mass-dependent kinematic narrowing effect. However, the separate mass ordering for the studied mesons and baryons are seen to exist even at RHIC and LHC energies.
III. SUMMARY
From the study on the width of the rapidity distribution of identified particles such as π − , K − , φ, Λ, Ξ − , and Ω − in Pb-Pb collisions at all the SPS energies using UrQMD-3.4-model-generated data and experimental data, it is readily seen that an increase in the width of the rapidity distribution of Λ does exist at all the SPS energies from 20 to 158A GeV. UrQMD-3.4-model-generated data, with weak decays stopped, could be seen to describe well the experimental pseudorapidity spectra both at RHIC and LHC energies. With generated data, the jump in the rapidity width of Λ could be seen at all the RHIC and LHC energies as well, thereby indicating its universal nature from the AGS and SPS to RHIC and highest LHC energies. To check if the rapidity distribution of Λ (andΛ) is still dependent on the net baryon density distribution even at RHIC and LHC energies, the distributions of B −B, Λ, andΛ over the rapidity space at these energies are plotted in Figs. 7 and 8 respectively using UrQMD-3.4-generated events. It could be readily seen from these figures that just like at AGS and SPS energies [5] , the rapidity distribution of Λ (uds), but notΛ (ūds), takes the shape of net baryon density distribution even at RHIC and LHC energies. It is known that in heavy ion collision, a strange hadron like Λ is produced either through associated strangeness [15] . The red open circular symbols represent the experimental results of PHOBOS, whereas the magenta dotted and blue solid curves denote the UrQMD-3.4-generated data with default mode and switching off the weak decay channels. centrality and compared with existing experimental results of ALICE at 2.76 TeV [16] . The red open circular symbols represent the experimental results of ALICE, whereas the magenta dotted and blue solid curves denote the UrQMD-3.4-generated data with default mode and switching off the weak decay channels. production in N N collisions of incoming and produced hadrons or through pair production [17, 18] . While the associated strangeness production is dominant at relatively lower incident beam energies, the pair production mechanism is considered dominant at higher incident beam energies. With the increase of transparency of collision, the net baryon number tends to populate the extreme rapid- ity regions, thereby increasing the population of baryons (like Λ) over antibaryons (likeΛ) at higher rapidity regions, which in turn increases the width of the rapidity distribution of particles [containing leading quark(s)] over antiparticles [containing produced quark(s) only]. Thus, such dependence of rapidity width of Λ at RHIC and LHC energies, as seen from Figs. 7 and 8, suggests that pair production may not be the only mechanism of particle production in heavy ion collisions even at the highest LHC energy. However, with MC data, over the entire studied energy range, no sign of violation of separate mass ordering of the width of rapidity distribu- tion of mesons and baryons could be seen for the studied hadrons.
